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E-mail address: zhao@lmt.ens-cachan.fr (H. Zhao).This paper presents a combined shear-compression impact test for soft cellular materials designed in
order to investigate their behavior under impact multiaxial loadings. A large-diameter Nylon Split
Hopkinson Pressure Bar system (SHPB) with beveled ends of different angles is used to apply the desired
shear-compression combinations. The data processing methods are studied and validated by virtual test-
ing data generated with FEM simulations. A series of experiments on an aluminum honeycomb were per-
formed at the impact velocity of about 15 m/s with the loading angles ranging from 0 (corresponding to
the pure compression) to 60. It shows a strong effect of the additional shear loading because both the
initial peak and the crush strength decrease with increasing loading angles. The quasi-static shear-com-
pression experiments were also performed using the same beveled ends on a universal INSTRON machine
and a notable strength enhancement under impact loading is observed. Images captured during quasi-
static and impact tests permit for the determination of the two co-existing deforming patterns under
combined shear-compression and reveal the inﬂuence of the loading rate on the occurrence of these
two patterns.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Honeycombs as well as the other cellular materials are com-
monly used for energy absorption designs in aerospace and mod-
ern vehicle applications. Their mechanical behaviors were
extensively studied under various quasi-static loadings (Wierzb-
icki, 1983; Zhang and Ashby, 1992). Under impact loading condi-
tions, which are the real working condition for energy absorbing
systems made of cellular materials, only a few investigations lim-
ited to uniaxial compression are reported in the open literatures
(Wu and Jiang, 1997; Zhao and Gary, 1998; Goldsmith and Louie,
1995; Zhao et al., 2005). Experimental investigations of cellular
materials under dynamic multiaxial loading are not available as
yet. The main reason for such situations lies in the difﬁculties to
perform dynamic multiaxial experiments because of the require-
ments for both a feasible multiaxial design in a tiny limited space
and an accurate data measurement under these conditions.
In the past decade, various multiaxial quasi-static loading
methods suitable for cellular material were developed (Papka
and Kyriakides, 1999; Deshpand and Fleck, 2001; Chung and Waas,
2002; Chen and Fleck, 2002; Mohr and Doyoyo, 2003; Mohr andll rights reserved.
x: +33 1 47 40 22 40.Doyoyo, 2004; Kintscher et al., 2007; Hong et al., 2006; Hong
et al., 2008; Karagiozova and Yu, 2008). For example, Papka and
Kyriakides (1999), and Chung and Waas (2002) employed a qua-
si-static biaxial loading machine to investigate the in-plane biaxial
compression properties of honeycombs. In their facilities, the spec-
imen was placed between two pairs of loading platens which could
move independently in two orthogonal directions. Mohr and Doy-
oyo (2003) modiﬁed the standard Arcan apparatus using a clamped
conﬁguration to restrict the rotations of the grips and tested the
combined out-of-plane shear-compression behavior of honey-
combs. They estimated possible errors of ignoring the additional
horizontal force produced by the clamped conﬁguration (Mohr
and Doyoyo, 2002) and integrated another load cell to measure
it. Mohr and Doyoyo (2004) also had another universal biaxial test-
ing device which employed three load cells to measure the forces
in two different directions. Based on a Zwick static test facility,
Kintscher et al. (2007) developed a test device with the combina-
tion of a roll and a steel towing rope to apply combined out-of-
plane shear-compression to a folded sandwich double-core
specimen. Hong et al. established two systems (so-called the
independently controlled test ﬁxture (Hong et al., 2006) and the in-
clined test ﬁxture (Hong et al., 2008)) to perform the quasi-static
biaxial experiment on honeycombs. These aforementioned quasi-
static biaxial loading methods succeed in measuring the in-plane
projectile rabtuptuorabtupni specimen
gauges
Fig. 1. SHPB set-up.
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honeycombs by using more than one load cell.
As to dynamic multiaxial experiments, on the one hand, some
studies using the drop-weight or high-speed machine have been
reported. For example, Chung and Waas (2002) introduced biaxial
loading by restricting the transversal displacement of the specimen
while dropping the weight. The only found combined dynamic out-
of-plane shear-compression test on honeycomb was achieved by
Hong et al. (2008). They designed an impact test ﬁxture based on
their quasi-static method to introduce combined dynamic shear-
compressive loading. The projectile was designed to strike a
complex load transfer unit in order to generate a nearly constant
loading velocity. A multiaxial load cell was used to measure the
normal and shear loads applied to the specimen. These methods
in a drop-weight frame or high-speed testing machine system
might suffer from a rather poor measurement accuracy at higher
loading rates.
On the other hand, the Split Hopkinson pressure bar technique
provides a more precise method for testing the material behavior
under higher loading rates. Nowadays, it is not only used for stan-
dard uniaxial test, but also can be modiﬁed and adapted to develop
multiaxial dynamic testing in many special cases (Gary and Bailly,
1998; Rittel et al., 2002; Chen and Ravichandran, 1997; Nie et al.,
2007).
In this study, we try to combine the advantages of aforemen-
tioned techniques and to propose a new testing method to perform
the combined dynamic shear-compression tests using a large-
diameter (U = 60 mm) Nylon SHPB bars. It is based on two short
beveled bars (with various inclined angles from 30 to 60) made
of the same material and with the same diameter as the Hopkinson
bars. In Part I of this study, the design as well as the FEM analyses
of the whole loading system will be presented. Such FEM analyses
allow to ensure the accuracy of the global force and velocity mea-
surement given by those beveled SHPB bars. A series of experi-
ments at loading angles ranging from 0 (corresponding to pure
compression) to 60 are performed at impact velocities of about
15 m/s and the overall pressure/crush curves under various
shear-compression combinations are obtained. The numerical sim-
ulations and analyses of the combined shear-compression behavior
of honeycombs under impact loading will be discussed in Part II of
this study.(a) 
60mm 
beveled bars combined shear-compression device 
(b) 
Fig. 2. Scheme and photograph of the dynamic biaxial loading device.2. Combined shear-compression setup using 60 mmNylon SHPB
2.1. Nylon SHPB and soft cellular material testing
The SHPB is nowadays a popular tool for material behavior
characterization under impact loading (Hopkinson, 1914; Kolsky,
1949). Initially developed for metallic material testing, it has
now been adapted for many different materials (Zhao, 1998; Zhao,
1997). In order to characterize soft cellular materials, soft large-
diameter viscoelastic bars are used to provide a larger cross section
and a better impedance match. Indeed, the large-diameter im-
proves the sample/cell size ratio and reduces the data scatter.
Meanwhile, a better impedance match enhances the small signal/
noise ratio due to the low strength of soft cellular materials. The
use of such large-diameter viscoelastic Nylon bars requires some
precautions in the wave-shift procedure because of the wave prop-
agation in the viscoelastic bars and the non-negligible geometrical
wave dispersion due to larger bar diameter (Zhao et al., 1997). Suc-
cessful compressive testing on various soft cellular materials using
this technique can be found in the open literature (Zhao et al.,
1997). In the present study, a 60 mm diameter SHPB setup
(2  3 m long Nylon bar) is used as basic loading and measuring
techniques.A typical SHPB set-up is shown in Fig. 1. A projectile launched
by a gas gun strikes the free end of the input bar and develops a
compressive longitudinal incident wave ei(t). Once this wave
reaches the bar/specimen interface, part of it er(t), is reﬂected,
whereas the other part goes through the specimen and develops
the transmitted wave et(t) in the output bar. Two gauges are ce-
mented at the midpoints of input and output bars to record those
three basic waves which can be used to investigate the constitutive
behavior of the specimen.
2.2. Combined shear-compression set-up
In order to introduce combined shear-compressive loading, two
short cylindrical bars with one bevel end are put at the interfaces
of the specimen and the input and output bars. Fig. 2(a) and (b)
shows the scheme and a photograph of our combined dynamic
shear-compression device. The two inserted short beveled bars
are made of the same material and have the same diameter as
the Hopkinson bars. This insures that the incident wave propagates
from the input bar to the input beveled bar without signiﬁcant
reﬂection, and the transmitted wave can also travel from the out-
put beveled bar to the output bar completely. The honeycomb
specimen is placed between the two parallel bevels instead of con-
tacting with the input and output bars directly and perpendicu-
larly. A column sleeve made of Teﬂon and two aluminum
supports are used to ﬁx the whole device.
It is worth emphasizing that the friction coefﬁcient between the
specimen and the beveled bars should be large enough to make
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when the specimen is loaded by the horizontal movement of input
and output bevels, a combined shear-compressive loading state is
achieved. For the sake of illustration convenience, loading angle h
is deﬁned as the angle between the axes of honeycomb cells and
the loading direction (as shown in Fig. 2(a)). Clearly, the larger
the loading angle is, the more dominant the shear component is.
When h = 0, a pure compressive experiment is obtained.(b) 
(c) 
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Fig. 3. Forces (a), velocities (b) and pressure/crush curve (c) in a combined test at
h = 30.2.3. Elementary data processing
Instead of using classical SHPB formulas which lead directly to
average stress/strain curve under the assumption of homogeneous
stress/strain ﬁeld within the specimen, here we use the SHPB only
as loading and measuring system. According to the theory of elastic
(viscoelastic) wave propagation, the stress and the particle velocity
of a single wave can be accurately determined from the associated
strain measured by strain gauges. Furthermore, these quantities
are not only known at the points of strain gauges, but at any point
on the bar. Thus, forces and velocities at the interfaces of the bar/
specimen can be obtained by the local strain signals shifted from
the measuring points. The associated forces and particle velocities
are then calculated as follows:
FinputðtÞ ¼ SbEðeiðtÞ þ erðtÞÞ VinputðtÞ ¼ C0ðeiðtÞ  erðtÞÞ
FoutputðtÞ ¼ SbEetðtÞ VoutputðtÞ ¼ C0etðtÞ ð1Þ
where Finput, Foutput, Vinput and Voutput are forces and particle velocities
on specimen faces. Sb, E and C0 are respectively the cross section
area, Young’s modulus of the bars and the longitudinal wave speed.
ei(t), er(t), et(t) are the wave signals at the bar/specimen interfaces.
For the viscoelastic bars, the commonly used method is to cor-
rect the wave shape change on propagation but neglect locally the
shape difference among stress, strain and particle velocity, so that
the Eq. (1) is still used here (Zhao et al., 1997).
Fig. 3(a) shows the input and output forces as a function of time
at h = 30. An obvious difference between these two forces is ob-
served in the initial region, where equilibrium is not reached yet,
but this difference is largely reduced at the subsequent plateau
stage (t > 0.4 ms). The input and output velocities depicted in
Fig. 3(b) shows that the crushing rate is rather constant during
the test.
As a stress/strain homogeneous ﬁeld assumption is not really
valid in our case of soft cellular materials with localized deforma-
tion mechanism, we use only the mean pressure p(t) as a function
of the overall crush D(t) to give an overall idea of the behavior of
this kind of material (Zhao and Gary, 1998). They are deﬁned as:
pðtÞ ¼ FinputðtÞ=Ss
DðtÞ ¼
Z t
0
VoutputðsÞ  VinputðsÞ
 
ds ð2Þ
where Ss is the apparent area of the specimen face contacting to the
beveled bars.
The use of the input force here is motivated by the fact that the
output forcemay containmore experimental errors such as the fric-
tion between Teﬂon sleeve and beveled bars, an imperfect contact
betweenbar/specimenandabadalignmentetc. Thus, the input force
is believed to bemore accurate. The simulationwork in Part II shows
also that the input force can be easily reproduced while the output
force is difﬁcult to simulate in an idealized testing condition.
The pressure/crush curve of honeycomb specimen for this test
is obtained and shown in Fig. 3(c). Such an average pressure/crush
curve gives an overall prediction of the dynamic multiaxial behav-
ior of tested specimen under combined shear-compression.3. Validation of the combined shear-compression measuring
method
The validity of the overall pressure/crush curve obtained in Sec-
tion 2 is based on the assumption that the velocities at any material
point on the inclined section at the beveled ends are rather identical
and that the elastic strain during loading is small enough to be
-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0
1
2
3
4
5
6
7
8
σs
 Quasi-static experiment
Pr
es
su
re
 (M
Pa
)
Crush/Specimen length
εlock
Fig. 5. Pressure/crush curve under quasi-static uniaxial compression.
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bar of the input sideand theTeﬂonsleeve is very small so that the ax-
ial force supported by the specimen is fully transmitted to the input
bar. In order to verify these assumptions and to evaluate the poten-
tial errors, a numerical analysis of the whole loading system is
performed. Such a virtual numerical test allows for the comparison
between the forces and the velocities derived from the strain history
at the measuring point in the pressure bars and these located at the
interfaces between beveled bar ends and specimen faces.
A virtual experiment using the ﬁnite element method is per-
formed via ABAQUS/Explicit in order to clarify these uncertainties.
We established an entire model using the actual size of experimen-
tal apparatus, composed of the projectile, input and output bars,
inserted beveled bars, Teﬂon sleeve and specimen, to simulate
the whole loading process. The angle of the beveled bars is 30
for this computation.
The geometrical model was discretized by 8-node linear brick
elements with reduced integration and hourglass control (C3D8R).
An element size of 0.5 mmwas chosen for the bars and Teﬂon sleeve,
while for the bevels and specimen, smaller elements with sizes of
0.3 mm and 0.15 mm were used respectively. A convergence study
on element size shows that the used elements are small enough
for obtaining reliable results within reasonable calculation expense.
With the used element sizes, themodel has 164,316 elements in to-
tal. A part of the meshed FEMmodel around the biaxial loading de-
vice area is shown in Fig. 4.
A crushable foam model available in this code (see section
18.3.5, Abaqus Analysis User’s Manual) is chosen to describe the
constitutive behavior of the specimen. The parameters are identi-
ﬁed with the experimental data of the studied honeycomb under
quasi-static pure compression (the pressure/crush curve is shown
in Fig. 5). In fact, as the specimen takes only a small part in the
whole model, its elastic part (Young’s Modulus, Poisson Ratio) is
not very important in the calculation. Under plastic regime, the
Poisson’s ratio is set to zero and lock strain is determined rather
roughly. The only dominant parameter rs is deﬁned as the average
level shown in Fig. 5. For the other parts of the model, linear mate-
rial with elastic constants of Nylon and Teﬂon is used for bars and
sleeve respectively. All the material parameters are listed in
Table 1.
Surface-to-surface contact with penalty contact method is em-
ployed for all the contacts. At the interfaces between the specimen
and the beveled bars, a no sliding condition is applied. The inter-
faces between Nylon bars and bevels are given frictionless contact
property. The friction force between the Teﬂon sleeve and the Ny-
lon bevels is estimated with the penalty friction formulation and
the friction coefﬁcient is set to be 0.05.
The projectile has an initial velocity of 30 m/s in axial (X3) direc-
tion which is the real impact velocity measured in our experiment.Fig. 4. Finite element model (view cut by X1X3 plane).The external surface of the Teﬂon sleeve is restricted on three
translational displacements. For the Hopkinson bars, lateral dis-
placements (in the X1 and X2 directions) are restricted on their
external surface at four sections corresponding to the positions of
the supports.
Two nodes located on the external surface of the input and out-
put bars corresponding to the positions of strain gauges are picked.
The strain component (LE33) in the axial (X3) direction at these two
nodes is shown in Fig. 6.
Fig. 7 shows the comparison between the calculated strain sig-
nals and the experimental ones. The incident and reﬂected waves
from experiments and simulation are rather in good agreement.
The large oscillations in the simulated incident and reﬂected waves
are, for a large amount, due to elastic bars assumption in simula-
tion. In the real test, the oscillation is smaller because of the visco-
elastic feather of the bars which tend to generate less oscillating
incident wave. However, such oscillations do not affect the main
feature (movement and stress) of beveled ends. For the transmitted
wave, there is some difference, especially for the peak value, which
may imply some imperfect contact or alignment in the real test.
In order to validate the accuracy of the force measurement and
to estimate the inﬂuence of friction between the beveled bars and
the Teﬂon sleeve, the following quantities are extracted from sim-
ulation data. The force derived from the bar Fbar is obtained from
the strain on the input bar using the data process method of SHPB
(Eq. (1)). The force at the bar/specimen interface Fspecimen is the X3
component of total force due to the contact pressure and the fric-
tional stress between specimen and input bevel which can be
picked up directly in simulation. The friction force Ffriction is the
X3 component of total force due to friction between input bevel
and Teﬂon sleeve.
Fig. 8 shows the comparison between these three quantities,
indicating that Ffriction is a small value comparing with Fbar and
Fspecimen and can be neglected without leading to signiﬁcant error
on them.
In order to verify the assumption of identical axial displace-
ments of beveled ends, we depict the axial displacements for the
positions located at longer major axe of ellipse of bevels at the in-
stant when the specimen strain is maximal. In Fig. 9, the positions
A, B, C and D correspond to the four free end nodes and E, F, G, H
are the four edge contact points between specimen and bevels
(Fig. 4). A displacement difference of 0.17 mm between the contact
region of specimen and free end nodes of bevels is observed, which
approximately results in an error of 1.31%.
Table 1
Material parameters used in the simulations.
Density
q(kg/m3)
Young’s Modulus E (MPa) Poission’s Ratio m Plastic Possion’s Ratio mp Yield Stress rs
(MPa)
Lock Strain
elock
Honeycomb 82.6 450 0.35 0 3.22 0.72
Nylon 1120 3370 0.3 –
Teﬂon 2200 1500 (Rae and Dattelbaum, 2004) 0.46 (Rae and Dattelbaum, 2004) –
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4.1. Material and specimen
The hexagonal honeycomb chosen for our experiments is made
of aluminum 5052 and possesses a relative density of 3% with sin-
gle wall thickness h = 76 lm, the expansion angle a = 30, and a
minimum cell diameter S = 6.35 mm. It has three orthotropic direc-
tions denoted as T L W (as shown schematically in Fig. 10). The T-
direction, also known as the out-of-plane direction corresponds to
the axes of the honeycomb cells and is the strongest direction. The
other two directions (L and W) are so-called in-plane directions re-
ferred as the ribbon direction and the width direction of
honeycomb.
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Fig. 12. Reproducibility of impact experiment on honeycomb under combined
shear-compression.
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ments with dimension of 25  40  40 mm in the directions of T
L W respectively which means there are 39 complete cells in the
cross section of the honeycomb specimen. There is then more than
6 cells in any direction so that the size effect is normally not
important.
4.2. Experimental results
In this study, we performed respectively quasi-static and dy-
namic experiments at ﬁve loading angles in TW loading plane,
i.e. 0 for a pure compressive loading, 30, 40, 50 and 60 for com-
bined shear-compression loadings.
The quasi-static experiments under combined shear-compres-
sion were performed in order to make a dynamic/quasi-static com-
parison. A universal tension/compression INSTRON3369 machine
with the same combined shear-compression device is employed
(as shown in Fig. 11). A high-speed camera was used in both qua-
si-static and dynamic experiments to capture the deformation con-
ﬁguration during the loading process.
4.2.1. Reproducibility
In order to illustrate the reproducibility of the tests, three
repeating experiments are conducted for each loading case.
Fig. 12 displays the dynamic pressure/crush curves for h = 40.
The three curves show only a small dispersion indicating that the
experimental results are reliable.
4.2.2. Dynamic and quasi-static experimental results
A summary of all dynamic pressure/crush curves in TW plane at
ﬁve different loading angles is given in Fig. 13.
It is well known that a typical out-of-plane pressure/crush
curve of honeycomb under uniaxial compression consists of an ini-
tial peak denoting the ﬁrst plastic collapse of the microstructure, a
long stress plateau related to the successive folding process and a
densiﬁcation stage. For all the combined shear-compression tests
shown in Fig. 13, the ﬁrst two stages can be well identiﬁed from
the curves of our experiments, but the densiﬁcation stage is absent
due to the limitation of loading duration of SHPB.
For these combined shear-compression results, the following
observations can be made: First, the slope of the ascending seg-
ment to reach the initial peak varies with loading angle h. Second,
the initial peak value decreases with the increase of loading angle
h, which indicates much easier initial collapse of honeycomb at lar-
ger loading angle. Third, the average level of the stress plateau be-
comes lower as the loading angle h increases.Fig. 11. Photograph of quasi-static loading set-up with INSTRON machine.
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ilar to the dynamic results. Besides, additional differences with re-
spect to dynamic experiments are found. First, the quasi-static
overall pressure/crush curves are smoother than the dynamic ones.
Second, the initial peak of quasi-static curves is not as signiﬁcant as
the corresponding dynamic at every combined loading, and the dif-
ference of the ascending slope of each curve is much larger than the
dynamic results. Further investigation on the deformation details
fromthecaptured images reveals a slight slippagebetween the spec-
imen and the bevels at the beginning of this combined quasi-static
shear-compression test. This may cause errors in predicting the
properties of honeycomb in the elastic regime for the quasi-static
experiments. Finally, as viewed from the plateau level of each curve,
the quasi-static ones are all lower than the corresponding dynamic
ones, which shows an obvious effect of loading rate.
In order to clarify quantitatively the enhancement from quasi-
static to dynamic loading, we compared the quasi-static and
dynamic results at two loading stages. Stage I is under elastic
deformation from zero crush to the position of initial peak. In this
stage, the initial peak values are compared. Stage II covers the rest
part of the pressure/crush curves after the initial peak and ends at
13 mm crush. Consequently, we calculated the average strength of
stage II by dividing the curve area of this plateau deforming period
(absorbed energy) by corresponding crush length, which gives:
p ¼ 1
dmax  d
Z dmax
d
pdd; ð3Þ
where d* denotes the crush value at the point of the initial peak for
each of the overall pressure/crush curve. dmax is the maximum crush
of the corresponding crushing duration, which in this study is taken
as 13 mm.
The initial peak values of stage I for both dynamic and quasi-
static results are listed in Table 2 and shown in Fig. 15(a). Regard-
less of the potential errors of the quasi-static results at initial
deformation for the combined loading cases, it can be seen that
the initial collapse strength of honeycomb under dynamic loading
is signiﬁcantly higher than under quasi-static loadings.
The results of comparison of crushing strength at stage II be-
tween dynamic and quasi-static results is also listed in Table 2
and drawn in Fig. 15(b). An enhancement varying from 22% to
48% is found from the dynamic curves to the quasi-static ones.
4.2.3. Discussion
It is worthwhile to reiterate that the tests conducted do provide
a combined shear-compression loading because of the friction. The
results show that the decrease of the strength with loading angle is
rather obvious, however, the measured strength in axis direction
(X3) is not simply equal to the projection of the honeycomb
strength under pure compression in this direction. For example,
the measured value at 60 is not the half of that at 0 (Table 2).
In fact, the present testing method provides a new way for
obtaining the overall behavior of honeycombs under combined
shear-compression at various loading angles, which are of much
importance for engineering applications. However, further investi-
gation of the multiaxial behavior of cellular materials requires to
study the normal and shear behaviors separately. Unfortunately,
the normal and shear information on the specimen faces cannotTable 2
Comparison between dynamic and quasi-static loading results.
0
Stage I Initial peak (MPa) Dynamic 7.48
Quasi-static 5.83
Stage II average pressure (MPa) Dynamic 4.01
Quasi-static 3.22be obtained directly from the present test set-up. The relationship
between the measurable quantities and the normal and shear data
on specimen faces are examined hereby.
In Fig. 16, we denote the force and velocity components in glo-
bal coordinate Fi and Vi(i = 1,2,3). The pressure bars provides F3
and V3 in the axial direction. Denoting Fn, Vn and Fs, Vs respectively
the forces and velocities applied to specimen faces in normal and
shear directions. They are related as follows:30 40 50 60
7.31 6.20 5.14 4.49
3.20 2.63 2.75 1.87
3.56 3.43 2.86 2.45
2.92 2.41 2.18 1.65
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F2 ¼ Fn sin h Fs cos h V2 ¼ 0;
F3 ¼ Fn cos hþ Fs sin h V3 ¼ Vn= cos h ¼ Vs= sin h: ð3Þ
Under the assumption of identical movements of the beveled ends
which was validated in FEM simulations, Vn and Vs can be calculated
from a simple expression obtained from the decomposition of V3.
However, the use of the supports in the combined shear-compres-
sion device results in the emergence of a transverse reaction force
F2 which is not measurable in the experimental design. Thus, Fn
and Fs cannot be calculated from Eq. (3) without knowledge of F2.
Since normal and shear forces applied to the specimen faces are
not separable, it is then impossible to determine the multiaxial con-
stitutive relation directly using the present biaxial loading device.Fig. 17. Dynamic deformation images under uniaxial compression (a) a4.2.4. Deformation pattern observations
In our tests, the deformation process of honeycomb under com-
bined shear-compression was captured by high-speed camera. A
couple of differences compared with the deforming pattern under
uniaxial compression are observed. Fig. 17 presents a series of dy-
namic deforming patterns of honeycomb under both uniaxial com-
pression and combined shear-compression at h = 30. The ﬁrst
images of Fig. 17(a) and (b) correspond to the undeformed conﬁg-
urations. Differences are observed as follows: First, the position of
the initial collapse is different (as shown in the images at crush of
0.1 mm). For the uniaxial compression, the collapse initiates at
either the top or the bottom face evenly whereas for combined
loading occurs simultaneously at the top and bottom faces but in
a diagonally corresponding positions. Second, when the specimennd combined shear-compression at 30 (b) at different crush value.
Fig. 18. Another deformation mode of honeycomb under combined dynamic shear-
compression found at h = 50.
Fig. 19. Deforming modes under shear-compression (a) no rotation, (b) rotation.
Fig. 20. Scheme for the image analysis.
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combined loading can incline due to the presence of shear load,
while the uniaxial compressive specimen keeps their cell wall axes
perpendicular to the loading surfaces.This inclined deformation mode was found in most of the com-
bined shear-compression experiments including dynamic and qua-
si-static loadings. However, for a minority of the specimens under
combined shear-compression (even with large loading angle), a
deformation mode similar to uniaxial compression was also found.
As shown in Fig. 18, one of the specimens at h = 50 was crushed
from one end of the specimen with the cell wall axes perpendicular
to the loading faces. This deforming mode enables a higher loading
capacity, which can be seen in the overall pressure/crush curves.
In general, the deforming pattern under combined shear-com-
pression might be summarized as follows: there co-exist two pat-
terns allowing the honeycomb to cope with this prescribed shear-
compression loading. One possibility is to maintain the central part
with no rotation as for uniaxial compression, but the shear loading
induces an overall translation of the buckled cell relative to the non
compacted cell (Fig. 19(a)); Another possibility is to allow the rota-
tion of the central part, which is an off-axis local buckling mecha-
nism so that the cells in the central part incline globally during the
deformation (Fig. 19(b)). There is a competition of those two differ-
ent deforming modes during a test.
In order to obtain a general viewpoint of this competition of two
deformation modes and especially the inﬂuence of the loading rate
on it, a quantitative analysis is made by means of indicators taken
from the image sequences acquired during experiments at various
loading angles. The rotation angle b of the cells during crushing is
represented by the angle between the initial orientation of cell
axes (perpendicular to the faces of the bevels) and their current
orientation. This rotation angle b is a function of mean compressive
strain e which can be deﬁned as the relative variation of specimen
length (e = (h0  h)/h0) as shown in Fig. 20.
Fig. 21 illustrate the rotated angles at e = 40% for all the loading
angles under quasi-static as well as dynamic loadings.
It conﬁrms that there is a competition between those two
deforming modes. Apart from the tests at 30, it seems that under
quasi-static as well as dynamic loading, there are both possibilities
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Fig. 21. Rotation angle of cell axes at 40% compression.
Fig. 22. Rotation angles during tests at a loading angle of 60.
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angle is, the more important the rotation angle becomes. Another
rather clear trend is that the probability of rotation is much higher
under quasi-static loading than under dynamic loading.
A close look of the case for a loading angle h = 60 (most impor-
tant shear component) is shown in Fig. 22.
It shows that tests at h = 60 under dynamic loading mainly re-
main not rotated whereas tests under quasi-static loading mainly
rotate and this is true at any state of crush. Such a difference of
deforming modes between quasi-static and dynamic loading might
provide an explanation of the enhancement of strength under com-
bined impact shear-compression.5. Conclusions
In this study, we presented a new combined shear-compression
loading method by introducing two short beveled bars into a large-
diameter Nylon SHPB set-up and a uniaxial INSTRON machine to
investigate the combined shear-compression behavior of honey-
comb under dynamic and quasi-static loadings.
The veriﬁcation of such a design by means of FEM analyses re-
veals that the force and velocity components in the axial direction
of the pressure bar for foam-like specimen under combined shear-
compression can be well measured from Hopkinson bar.The obtained dynamic and quasi-static pressure/crush curves
show that both the initial peak value and the average plateau
strength decrease signiﬁcantly with increasing loading angle.
An enhancement of these values is found for dynamic curves
compared to quasi-static ones at every loading angle. From
high-speed photographs, the difference of the deformation mode
under uniaixal compression from this combined shear-compres-
sion is identiﬁed. It allows also to reveal the two co-existing
deformation modes under combined shear-compression and the
inﬂuence of loading rate on the competition of these two
deforming modes.
The combined shear-compression loading device presented in
this paper provides an overall behavior of cellular materials under
these multiaxial loading conditions but it cannot give directly the
separated normal and shear components of the behavior. A nu-
meric method will be presented in Part II of this work in order to
overcome this difﬁculty. acknowAcknowledgementThe authors
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